Linkage disequilibrium across the human genome is generally lower in West Africans than Europeans. However in the 5q31 region, which is rich in immune genes, we find significantly more examples of apparent nonrecombination between distant marker pairs in West Africans. Much of this effect is due to SNPs that are absent in Europeans, possibly reflecting recent positive selection in the West African population.
Introduction
How patterns of linkage disequilibrium (LD) vary between populations of different ethnic origin is highly topical, for two main reasons. First, populations exposed to different environmental pressures might be compared to detect potential signatures of recent selection. 1 Second, variation in LD structure is integral to the problem of defining haplotype-tagging strategies that are transferable across different populations in disease association studies. 2 A dense concentration of immune genes is located in the human 5q31 region, whose pattern of LD in individuals of European ancestry is well documented and has been described as a set of contiguous haplotype blocks. 3 As the 5q31 region is a susceptibility locus for parasitic infections including malaria and schistosomiasis, 4, 5 we compared the haplotypic structure across the region in two populations that differ greatly in their exposure to these diseases.
The sample consisted of 128 unrelated West African chromosomes and 128 unrelated European chromosomes.
The Th2 cytokine cluster in the human 5q31 region is known to be under coordinate regulation and several important enhancers and repressors have been defined at locations geographically distinct from the genes themselves. 6, 7 We therefore examined long-range haplotype structure rather than limiting comparison to the variation at each individual gene locus. We studied a 656 kb segment of the 5q31 region containing 13 genes including IL3, CSF2, IRF1, IL5, IL13 and IL4 (Figure 1) .
We found that although there were generally higher levels of LD in the European population, more examples of long-range LD were seen in the West African population. We explore the possibility that long-range LD with high allele frequency may indicate recent positive selection and interrogate the SNPs in the region using the concept of relative extended haplotype homozygosity (rEHH).
Results and discussion
The sample comprised 128 unrelated West African and 128 European chromosomes, based on genotyping 32 family trios in each population. The region was a 656 kb segment containing 13 genes including IL3, CSF2, IRF1, IL5, IL13 and IL4. Of the 98 SNPs analysed, 89 were found to be polymorphic in both populations and nine in West Africans only (see Figure 1 for a map of the region; Supplementary Table A The patterns of LD in each population are summarized in Figure 2 ). If we focus on pairs of SNPs that show no evidence of recombination (D 0 ¼ 1) where both SNPs have m.a.f.40.1, they are much more likely to span a distance of 4200 kb in West Africans than in Europeans (odds ratio 7.1, Po10 À7 ). As a different way of excluding possible artefacts due to low allele frequency and sample size, we also considered the credibility interval of absolute D 0 , determined by computing the likelihood of the given pairwise marker observations as a function of D 0 , and inferring the range of credible absolute D 0 values. As described in Table 2 , the likelihood density function for each pairwise comparison was plotted for D 0 from À1 to 1, and we then identified the range of values that encompassed (for example) 95% of the area under the curve. As shown in Table 2 , instances of high LD between SNP pairs were significantly more likely to span a distance of 4200 kb in West Africans than in Europeans using either of the following criteria for absolute D 0 values: nominal value ¼ 1 and 95% credibility interval 40 (West Africans vs Europeans, odds ratio 5.4, Po10 3,13- 15 We selected SNPs that were reported to have m.a.f. 40.05, and that together gave a good representation of coding and noncoding regions. Genotyping was performed by primerextension/mass-spectrometry using the MassEXTEND system (Sequenom, San Diego, CA, USA). A total of 98 SNPs were analysed after excluding those that were out of Hardy-Weinberg equilibrium, had a genotyping failure rate 410%, or had m.a.f o0.05 in both populations tested. The white European sample comprised 32 healthy mother-father-child trios recruited on the maternity ward of the John Radcliffe Hospital, Oxford, UK (permission from Oxford Regional Ethics Committee). The West African sample comprised 32 mother-father-child trios where the child had severe malaria, recruited to the paediatric ward of the Royal Victoria Hospital, Banjul, The Gambia (permission from the MRC/Gambian Government Joint Ethics Committee). To exclude disease status of the child as a confounder, transmitted and nontransmitted alleles were compared and found to give similar results. Analysis of LD was performed on parental samples, using the child only to determine haplotypic phase. (not significant; Table 1 ). Thus, much of the long-range LD that we observe in the African sample appears to arise from African-specific polymorphisms. The combination of long-range LD with high allele frequency is indicative of recent positive selection, because if an allele has preserved its ancestral haplotypic relationships, this implies that it is relatively young. 9, 10 For each SNP, we attempted to assess whether the minor allele had preserved ancestral relationships with neighbouring SNPs, using the concept of relative extended haplotype homozygosity (rEHH 10 ). Figure 3 shows that rEHH tends to decline with allele frequency but that one of the African-specific SNPs, an intronic SNP of IL4 (rs2243261; m.a.f. ¼ 0.16), exhibits much higher levels of rEHH than other SNPs of a similar frequency within this data set (other views can be generated at www.gmap. net/pub/002). At present, we lack robust statistical methods to validate signatures of positive selection, but such data are highly suggestive. It is noteworthy that immune genes are densely concentrated in the 5q31 region, which is a known susceptibility locus for malaria and schistosomiasis, 4, 5 and that polymorphism in IL4 has previously been associated with antimalarial antibody responses. 11 Clearly, it is possible that the huge burden of infectious disease that afflicts African populations has been a significant determinant of the population-specific pattern of LD observed in the 5q31 region, and it will be As D 0 values tend to be overestimated for rare alleles in conditions of low sample size, we supplemented our point estimates of D 0 with a credibility interval, along the same general lines as followed by Gabriel et al. 19 Specifically, after estimating the haplotypes, we made pairwise comparisons between each possible combination of markers in a two by two table with one degree of freedom. We compute the probability of a single chromosome falling into the n11 category, for a specified hypothetical D 0 , as
where na ¼ n21+n22, nA ¼ n11+n12, similarly for nb and nB, and N ¼ n11+n12+n21+n22 ¼ total number of chromosomes. The likelihood of observing the given two-by-two table is computed as proportional to p11
, where p11 is the probability shown, and the other probabilities follow from the constraint that the individual allele frequencies are treated as fixed. The likelihood density function is plotted for D 0 from À1 to 1 and extreme values of D 0 are identified between which (for example) 95% of the area under the curve is included. After accounting for the sign, the resulting limits on the absolute value of D 0 are quoted as 95% credibility limits for that particular marker-marker comparison. Figure 3 Relative extended haplotype homozygosity (rEHH) for all SNPs in the West African population. A high value for rEHH signifies a relative lack of diversity in the group of haplotypes carrying the minor allele when compared to the group carrying the major allele. The combination of high rEHH with high allele frequency is suggestive of positive selection. In a set of n SNPs, each individual SNP x has n-1 values for rEHH, representing the different haplotypic segments extending out from SNP x to each of the n-1 surrounding SNPs. All of these n-1 values are plotted for each SNP x in Figure 3 . Rs2243261 is marked with an arrow. www.gmap.net/pub/002 provides tools to view the decay of rEHH with distance for each SNP. A full explanation of the method for calculating rEHH is described by Sabeti et al interesting to see whether this is repeated in other regions of the genome.
These data have practical implications for the selection of informative markers for genetic association studies. Much of the long-range LD in the West African sample came from eight SNPs that had minor allele frequencies 40.1 in this population, but were nonpolymorphic in the European sample. As Europeans generally have higher values of linkage disquilibrium between neighbouring markers, they show a stronger pattern of haplotype blocks. This is illustrated in Figure 4 , where all the SNPs that we tested were parsed by a greedy algorithm using Haploblock finder, with the criterion of D 0 40.8. 12 For Europeans, this yielded 20 blocks and 95% of polymorphic markers were situated in blocks of two or more. The corresponding figures in Africans were 48 and 73%. To capture this block structure, we would need to type 43 SNPs in Europeans and 70 in Africans. Thus a haplotype block analysis suggests that the set of informative markers needed to capture the diversity of the region is much less in Europeans than in Africans, but this loses the information that we could get by considering the relationships that exist between distant markers. For example, if we use the ENTROPY algorithm, we find that 21 SNPs in Europeans and 18 SNPs in Africans can capture the full information content of the marker set. In other words, a haplotype block approach is a relatively economical way of defining tagging SNPs for a population where high LD is mostly observed at a relatively close range, but is a less economical solution in situations where high LD tends to be more dispersed, and the present data indicate that this may be particularly true of African populations. Figure 4 Haplotype tagging SNPs in the 5q31 region. Haplotypes of the 128 parental chromosomes from each population were determined from the pedigree data, using the PHASE algorithm to resolve ambiguities that arose in 8% of European and 9.5% of African phase assignments. 16 To illustrate the haplotype block approach for selecting tagging SNPs, we used the greedy algorithm provided by HaploBlockFinder 12 (closed circles). To illustrate an unstructured method of selecting tagging SNPs, we used ENTROPY which determines the information content of each SNP without consideration of block structure 17, 18 (open squares). The haplotypeblock-based method identified 43 tagging SNPs in Europeans and 70 in West Africans, while the unstructured method identified 21 tagging SNPs in Europeans and 18 in West Africans.
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